Abstract: Cascaded cross-phase modulation instability (XPMI) is experimentally observed in the normal dispersion regime of a birefringent tellurite microstructured optical fiber (BT-MOF). At the average pump power of ∼33 mW, cascaded XPMI with nine stokes sidebands and six antistokes sidebands is observed in a 3-m BTMOF. To the best of our knowledge, this is the first demonstration of cascaded XPMI in nonsilica optical fibers. The influence of fiber length variation on the evolution of cascaded XPMI is investigated by using a 0.3-m BTMOF. At the same pump power, cascaded XPMI with only eight stokes sidebands and five antistokes sidebands is observed. This is because shorter fiber length leads to lower nonlinear effect, which in turn induces less obvious XPMI effect.
Introduction
Modulation instability (MI) in optical fibers was first experimentally observed in 1986 [1] , and it often refers to a parametric four-wave mixing process in which two pump photons are transferred to symmetric spectral sidebands the location of which is governed by energy conservation and phase matching requirements [2] - [5] . Since in optical fibers Kerr-induced nonlinear phase mismatch is positive, the phase matching condition requires negative group-velocity dispersion (GVD). As a result, MI tends to occur in the anomalous GVD regime, and it provides a natural means of generating ultra-short pulses at ultra-high repetition rates [6] , [7] . However, MI can also occur in the normal GVD regime, for example, scalar MI in optical fibers with a negative four-order GVD term [8] - [10] , and vector MI which claims that the phase matching can be achieved when two or more optical modes co-propagate in optical fibers [11] , [12] . Cross-phase modulation MI (XPMI), as a form of vector MI, usually occurs in optical fibers with a high phase birefringence (Bm ≥ 10 −5 ) [4] . A typical feature of XPMI is that it generates pairs of orthogonally polarized sidebands from a pump linearly polarized at 45 deg to the principal axes of the fiber. It has no power threshold since linear phase matching is allowed [13] - [19] .
Tellurite optical fibers exhibit excellent features, such as high nonlinear optical property, superior chemical and thermal stability, and wide transmission window in the mid-infrared region [20] - [24] . They have already been applied to dispersive wave generation, tunable third-harmonic generation and mid-infrared soliton generation, etc. [25] , [26] . Despite tellurite optical fibers provide a good platform for nonlinear applications, no related investigation on MI effect has been reported up to now.
In this paper, a birefringent tellurite microstructured optical fiber (BTMOF) was fabricated by the rod-in-tube drawing technique. Using a nanosecond laser operated at ∼1544.5 nm as the pump source, cascaded XPMI was experimentally investigated with different average pump powers. Furthermore, the XPMI gain was numerically calculated, and the influence of fiber length variation on the evolution of cascaded XPMI was investigated.
Properties of the BMOF
The BTMOF was fabricated based on the TBLZ glass(TeO 2 -Bi 2 O 3 -Li 2 O-ZnO) by using the rod-intube drawing technique. A cross-shaped TBLZ glass rod was prepared by the casting method, and a tube was prepared by employing the rotational casting method. The cross-shaped TBLZ rod was elongated and inserted into the TBLZ tube to produce a preform, which is depicted in Fig. 1 . The preform was further elongated and inserted into a jacket TBLZ tube, and together they were drawn into an optical fiber at 307°C. During the fiber-drawing process, a positive pressure of nitrogen gas which was ∼1∼2 kPa larger than the standard atmospheric pressure was filled into the four holes to prevent their collapse and to control the size of the core diameter. Fig. 2(a) shows the cross-section of the BTMOF, and the lengths of the slow and fast axes were measured to be ∼4.6 and 4.1 μm, respectively. The fiber loss was ∼0.2 dB/m at ∼1550 nm, which was measured by the cutback technique. The fundamental model refractive indices of the slow and fast axes were calculated by a commercial software (Lumerical MODE Solution) using the full-vectorial mode solver method, as shown in Fig. 2(b) . The former was slightly larger than the latter.
The strength of modal birefringence is defined by a dimensionless parameter
where n s and n f are the modal refractive indices, and β s and βf are the propagation constants for the two orthogonally polarized modes. From Fig. 2 (c) we can see B m > 10 −5 , which proved that the BTMOF had a high phase birefringence and can provide a good platform for XPMI investigation [4] . For a given value of B m , the two modes exchange their powers in a periodic fashion as they propagate inside the fiber, which is defined as polarization beat length, as shown in Fig. 2(c) .
The chromatic dispersions of the slow and fast axes are shown in Fig. 2(d) , which exhibited two zero-dispersive wavelengths: ∼1747 nm for the slow axis and ∼1738 nm for the fast axis.
Theoretical and Experimental Investigation
In the case of high phase birefringence, the field amplitudes A 1 (A s ) and A 2 (A f ) satisfy the coupledmode generalized nonlinear Schrödinger equations (GNLSE) modified to account for cross-phase modulation (XPM) by the addition of a cross-coupling term [2] , [12] . where j = 1(s) and 2 (f), v gj is the group velocity, α j is the absorption coefficient, β j is the dispersion coefficient, and γ j = n 2 ω j /cA e f f accounts for the fiber nonlinearity responsible for both self-phase modulation (SPM) and XPM. The last term of the equation is due to XPM of two orthogonally polarized modes. It is the XPM-induced coupling that gives rise to MI in the normal dispersion regime. With the same pump laser, the properties of the two modes are assumed to differ only slightly, so β j , γ j and v gj are nearly the same for A 1 (A s ) and A 2 (A f ). The experimental setup for investigating the MI effect in the BTMOF is shown in Fig. 3 . The pump source was a nanosecond laser with the pulse width of ∼4.1 ns and the repetition rate of ∼25 kHz. The pump wavelength was ∼1544.5 nm, which located in the normal dispersion regime of the BTMOF. A tunable band-pass filter (TBPF) with 3-dB bandwidth of 0.8 nm was employed to suppress the amplified spontaneous emission (ASE). After the fiber collimator (FC1), a half-wave plate (HWP) was inserted to adjust the polarization state of the input laser beam. The pump pulse was coupled into the fiber core by an aspheric lens (AL1) with the focal length of ∼6.24 mm and the NA of ∼0.40 (NEWPORT, F-LA11, 510−1550 nm). After the BTMOF, the output signal was coupled into the SMF by AL2 and FC2, and finally connected to an optical spectrum analyzer (OSA, Yokogawa) to record the spectrum. The transmission efficiency of the AL was higher than 90%.
First, a 3 m BTMOF was used to investigate the relationship between the polarization state and the MI effect. With the rotation of the HWP, the pump polarization state, the slow axis and the fast axis are shown in Fig. 4 . At the maximal MI (shown in Fig. 5(a) ), its azimuth of the HWP was regarded as 0 deg. From Fig. 4 we can see there were 3 possible positions for the maximal MI: (1) coinciding with the slow axis, (2) increasing 45 deg from the slow axis or fast axis, and (3) coinciding with the fast axis. When the azimuth of the HWP shifted to 45 deg, the sidebands disappeared and no MI effect was observed, as shown in Fig. 5(b) . At 90 deg of the HWP, the maximal MI was obtained again and the spectrum was the same to Fig. 5(a) . This pattern repeated with the continual rotation of the HWP. The fact that MI spectra at 0 and 90 deg were the same eliminated the possibility of position (1) and (3) in Fig. 4 , verifying that the pump polarization state was not coinciding with the slow axis and fast axis. As a result, this MI phenomenon can be specified as XPMI. Due to the high phase birefringence (B m > 10 −5 ), the orthogonal polarization state of BTMOF had a large wave vector mismatch, and XPMI occurred from the incoherent interaction of two linearly polarized modes on each of the principal axes of the fiber [4] . Because XPMI has no power threshold, it can be easily obtained in this BTMOF. In the following experiments, the polarization state of the pump pulse was maintained at 0 deg to obtain the maximal XPMI. Fig. 6 shows the XPMI spectra observed in the 3 m BTMOF at the average pump power of ∼10, 15, 22, 24, 27, 30 and 33 mW. Considering the coupling efficiency (∼10%), the peak powers were calculated to be ∼9.8, 14.6, 21.5, 23.4, 26.3, 29.3 and 32.2 W. The black curve was the pump source. At ∼10 mW, the XPMI sidebands can be clearly observed. The center wavelength of the Stokes sideband and the anti-Stokes sideband was 1553.2 nm and 1535.8 nm, respectively. With the increase of the average pump power, the center wavelengths of XPMI sidebands shifted away from the pump wavelength. At ∼22 mW, cascaded XPMI with three Stokes sidebands (S1, S2 and S3) and two anti-Stokes sidebands (AS1 and AS2)was observed. The center wavelengths of the three Stokes sidebands were ∼1554.2, 1566.1 and 1576.8 nm, and those of the two anti-Stokes sidebands were ∼1535.5 and 1522.9 nm. Compared with the anti-Stokes sidebands, the Stokes sidebands were slightly stronger for they were enhanced by Raman gain. With the further increase of the average pump power, the phenomenon became even more obvious, and at ∼33 mW 9 Stokes sidebands and 6 anti-Stokes sidebands were observed. To the best of our knowledge, this was the first demonstration of cascaded XPMI in non-silica optical fibers, and it could find applications in the development of fiber sources producing photon pairs or two-color pulses for nonlinear microscopy [27] , [28] .
The XPMI gain can be obtained by use of the following equations [12] :
The XPMI gain in the 3 m BTMOF at the same average pump power (∼10, 15, 22, 24, 27, 30 and 33 mW) was calculated, as shown in Fig. 7 . The coupling efficiency and the peak powers were the same to the experiment values, and the dispersion value can be obtained from Fig. 2(d) . Y coordinate was the relative intensity of the gain, and X coordinate was the wavelength shift of the first order XPMI (S1) from the pump wavelength. With the increase of the pump power, the wavelength of the maximal gain moved far away from the pump wavelength, and the respective shift was 8.4, 9.2, 9.8, 10.3, 11.4, 12.1 and 12.6 nm, which corresponded well with the center wavelength of S1 in Fig. 6 .
To investigate the influence of fiber length on the evolution of cascaded XPMI, a 0.3 m BTMOF replaced the 3 m BTMOF. Fig. 8 shows its XPMI spectra at the average pump power of ∼10, 15, 22, 24, 27, 30 and 33 mW. The coupling efficiency was almost the same with the above experiment, so were the peak powers. At ∼10 mW, the center wavelength of the Stokes sideband and the anti-Stokes sideband were respectively ∼1553 nm and 1536 nm, which were closer to the pump wavelength in comparison with Fig. 6 . With the increase of the average pump power, the center wavelength of XPMI sidebands also shifted far away from the pump wavelength. At ∼33 mW, only 8 Stokes sidebands and 5 anti-Stokes sidebands were observed, which were fewer than those in the 3 m BTMOF. This was because under the same average pump power, shorter fiber length led to lower nonlinear effect, which in turn induced less obvious MI effect.
Conclusion
In summary, the birefringent BTMOF was fabricated based on the TBLZ glass by using the rod-intube drawing technique. Cascaded XPMI was experimentally observed with a nanosecond laser operated at ∼1544.5 nm. With the increase of the average pump power, the cascaded XPMI phenomenon became more and more obvious. At the average pump power of ∼33 mW, 9 Stokes sidebands and 6 anti-Stokes sidebands were observed in the 3 m BTMOF. The XPMI gain was calculated, which matched well with the experimentally observation. However, when the fiber length was reduced, the sidebands of the cascaded XPMI became fewer. In a 0.3 m BTMOF, only 8 Stokes sidebands and 5 anti-Stokes sidebands were observed. This was because shorter fiber length led to lower nonlinear effect, which in turn induced less obvious MI effect.
